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Abstract 

Resting-state functional magnetic resonance imaging (rsfMRI) allows the study of functional connectivity in the brain. 

Through the mapping of functional networks, it is possible to extract information about the intrinsic organization and 

function of the brain, as well as to study pathologies and arousal states. Considering that controlled preclinical 

experiments allow combining rsfMRI with other techniques, and that transgenic mouse models are particularly good 

models for neurological diseases, murine imaging is becoming an attractive option. Still, there are inherent technical 

difficulties in imaging mice, and detection of robust and consistent networks has been challenging. Moreover, mouse 

rsfMRI is usually performed at relatively low spatial resolution, limiting the investigation of small structures. In this study, 

to overcome these shortcomings, rsfMRI datasets were acquired with both standard (0.3 mm x 0.3 mm) and high 

resolution (0.16 mm x 0.16 mm), different preprocessing pipelines were tested, and a seed-based analysis was 

conducted with seeds on cortical and subcortical areas. No significant differences were found between pipelines, but it 

was possible to reproduce functional networks mostly consistent with previous literature, particularly on motor (M1), 

somatosensory (S1 and S2) and visual (VC) cortices, hippocampus (Hip) and caudate putamen (CPu), for both low- 

and high-resolution datasets. Considering the high variability of possible data acquisition parameters, anesthetic 

regimes, preprocessing and analysis pipelines, these consistent network mappings are encouraging results for rsfMRI 

in mice as translational tools for the study of large-scale neural dynamics, as well as fundamental mechanisms of small 

structures in the brain. 
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1. Introduction 

Resting-state fMRI (rsfMRI) has been a fast growing technique 

[1] which can be used to extract information about the inherent 

organization and function of the brain, as well as to study 

pathologies [2][3] and arousal states [4]. RsfMRI also allows the 

mapping of resting state networks (RSNs) (a set of brain 

regions whose signal shows similarities across time, during 

rest), which can be observed across species [6][7]. This can be 

exploited in controlled preclinical experiments through FC 

modification induced by pharmacological alterations [7], and 

can also be combined with various techniques such as 

electrophysiological recordings or optogenetics [8][9]. In this 

context, the mouse model can especially advantageous, as it 

allows genetic manipulation, enabling the use of such 

techniques [10]. Moreover, transgenic mouse models are 

remarkably good disease models [11][12]. Thus, preclinical 

experiments in mice are becoming attractive options for a wide 

range of fMRI resting state studies. 

However, rsfMRI is inherently noisy [13] and technically difficult 

to perform in mice [14], mainly to the brain’s very small size. 

Moreover, although mostly bilateral networks have been found 

in rodents [15][16], the mapping of these functional networks 

has been performed under relatively low spatial resolution [17]. 

These factors limit resting-state fMRI namely when considering 

the study of potentially interesting small structures, such as the 

Locus Coeruleus (LC). The LC is a small nucleus deep in the 

brainstem, considered the center of noradrenergic stimulation 

in the brain, and thought to be associated with many cognitive 
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functions such as attention, memory and learning [18]–[20]. 

Due to its extremely small size, this and other structures could 

not be directly imaged and subject of focus of resting-state 

experiments. Hence, there is a need to overcome these 

shortcomings, as the mapping of functional murine networks 

with a higher resolution could offer valuable and unique insights 

on the workings of complex systems based on smaller 

structures. Thus, the goals of this project included to establish 

in the lab an MRI protocol suitable for rsfMRI acquisition in 

mice; to explore urethane anesthesia, to facilitate LC imaging; 

to establish and optimize a robust preprocessing and analysis 

pipeline for murine RSN mapping; and to map these networks 

on standard, i.e. low resolution datasets, to validate the MRI 

protocol and analysis pipeline, as well as in higher resolution 

datasets, towards the study of smaller structures. 

2. Materials and methods 

All aspects of these study were preapproved by the 

Champalimaud Centre for the Unknown’s Ethics Committee 

operating under Portuguese and EU Law. 

2.1. Optimization of acquisition parameters 

In this optimization stage, an initial MRI acquisition protocol was 

established, and rsfMRI datasets were acquired in mice under 

medetomidine. Urethane anesthesia was characterized, and 

mice were scanned under urethane. 

Animal preparation: A total of 8 female C57BL/6J mice aged 

between 8 to 10 weeks old were used in these experiments: 5 

weighing 25.2 ± 1.4 g for the preliminary medetomidine 

acquisitions, and 3 weighing 30.4 ± 0.8 g for preliminary 

urethane acquisitions. Anesthesia was induced with a mixture 

of air and 5% isoflurane, reduced to 3% for animal preparation, 

in the case of medetomidine anesthesia. For these acquisitions, 

medetomidine was administered subcutaneously (0.4 mg/kg 

bolus, and 0.8 mg/kg/h constant infusion initiated 5-10 minutes 

after bolus), and isoflurane was kept at 0.5% for the rest of the 

experiment. For urethane anesthesia, after induction, the 

animal was injected intraperitoneally with a 1.5 g/kg dosage of 

urethane as used in previous studies [21]. Isoflurane was 

discontinued, and an interval of approximately one hour was 

taken, for the anesthesia to reach full effect. The solution had 

been previously diluted in saline, and 0.1 mL of solution were 

injected per 10 g of animal. Once in the bed, the animal’s head 

was secured with a bite bar, ear bars, and a nose cone for 

continuous gas circulation. A rectal temperature probe and a 

respiration sensor were placed for real-time monitoring of 

mouse physiological status, and respiration rates and 

temperature were monitored and maintained at physiological 

levels throughout fMRI scanning. Warm water was circulating 

in a heating pad under the animal, to preserve body 

temperature, and ophthalmic drops were applied to prevent 

drying of the cornea. After the medetomidine experiments, 

medetomidine-antagonist atipamezole was subcutaneously 

injected, to allow for mice recovery, whereas regarding 

urethane experiments, the mice were immediately euthanized 

after the sessions.  

MRI protocol: MRI experiments were conducted on a 9.4T 

horizontal MRI scanner equipped with a gradient system 

capable of producing up to 660 mT/m in all directions. An 86 

mm resonator volume coil was used for transmittance, and a 4-

channel array surface cryocoil was used for reception, as it 

enhances the SNR [22]. Imaging protocol was performed using 

the software Paravision 6.0.1. After mouse sedation and 

positioning in the scanner, scout images were acquired in three 

orthogonal planes to assess the positioning of the brain. After 

suitable placing of the animal was confirmed, scan adjustments 

were performed, and a B0 map was acquired. This map was 

used for an appropriate shimming in a cylindrical volume 

covering the brain volume. Structural images were acquired for 

anatomical reference. Acquisition parameters of the structural 

image covering the whole brain were: 3D Multiple Gradient 

Echo (MGE) sequence, Number of averages = 1, Number of 

echoes = 16, TR = 100 ms, TE = [2.2 : 2.2 : 35.2] ms ([first TE 

: echo spacing : last TE]), FOV = 18 × 9 × 11.52 mm3, Data 

matrix = 180 × 90 × 115. This resulted in an isotropic spatial 

resolution of 0.1 × 0.1 × 0.1 mm3, and an acquisition time of 

12m16s. After structural acquisitions, a visual stimulation fMRI 

acquisition was performed, to ensure regular physiological 

status of the mouse. Standard parameters from previous 

experiments in the lab were used: GE-EPI sequence, TR = 

1000 ms, TE = 12 ms, FOV = 16 × 13.9 mm2, Data matrix = 

100 × 96. This resulted in a spatial resolution of 0.145 × 0.145 

mm2, over 8 slices with a thickness of 0.5 mm, oriented axially. 

Its acquisition was interleaved, with the order [1 3 5 7 2 4 6 8]. 

The number of repetitions was 408, and considering that one 

volume was acquired per second, the acquisition time was 

6m48s. The visual stimulation setup and protocol are well 

established in the lab and were only used for quality control, so 

they will be briefly described. Succinctly, a fiber-coupled LED 

with central wavelength located at 470 nm (blue) was used for 

stimulation. The stimulation paradigm consisted in 5 blocks of 

48 seconds rest followed by 24 seconds of visual stimulation. 

In stimulation periods, the LEDs were flashed bilaterally at a 

frequency of 2 Hz, with a 10 ms pulse width. After the visual 

stimulation run, there was an interval, 3 to 5 minutes, during 

which a quick automatized analysis was run on the Paravision 

software, to confirm normal BOLD activation on expected areas 

for visual stimulation in mice. A more robust analysis was 

performed after the scanning period, for more accurate 

confirmation. After ensuring the animal physiological status, the 

resting state acquisitions were started. A tentative protocol was 

established, with the following parameters: two-shot GE-EPI 

sequence, TR = 2000 ms, TE = 10.8 ms, FOV = 15.1 × 12.5 

mm2, flip angle = 55°, Data matrix = 116 × 96. The spatial 

resolution was 0.130 × 0.130 mm2, over 15 coronally oriented 

slices. Slice thickness was 0.44 mm, and its acquisition was 

interleaved. 300 resting state repetitions were acquired, 

performing a total acquisition time of 10 minutes. Regarding the 

medetomidine acquisitions, between 2-4 resting state runs 

were completed for each mouse, per imaging session, with an 

interval of ~5 minutes between each run. The unbalance of 

runs between the 5 mice was difficult to avoid since as soon as 

the animals would start moving or showing signs of 
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physiological instability, the experiments would be stopped, as 

this could indicate they would soon wake up. In total, 13 runs 

were completed. For the urethane acquisitions, a total of 5 runs 

were acquired. After the resting state acquisitions, if possible, a 

visual stimulation run was performed, to confirm that the mouse 

physiology remained stable throughout the session. 

Urethane characterization: A total of 7 female C57BL/6J mice, 

aged between 9 to 10 weeks, were used in these experiments. 

2 animals weighing 26.4 ± 1.9 g were tested with a dosage of 

1.2 g/kg, and the following 5 mice, weighting 27.6 ± 2.6 g were 

tested with a dosage of 1.5 g/kg, as previously used in mice 

resting state experiments [21]. Urethane preparation was 

carried out identically as described in the previous subsection. 

Mice were injected intraperitoneally and were then placed in a 

bed outside the scanner, with warm water circulating below 

them. Respiratory rates and temperatures were monitored for 3 

hours, after which the animals were euthanized. 

2.2. Resting state fMRI experiments 

In this acquisition phase, a final MRI protocol was established, 

and rsfMRI datasets were acquired in mice under 

medetomidine. 

Animal preparation: A total of 16 male C57BL/6J mice aged 

between 7 to 9 weeks old were used in these experiments, 

weighing 26.7 ± 2.8 g (weight values presented as mean ± 

standard deviation). All animal preparation was identical to the 

preliminary medetomidine acquisitions, except the bolus and 

constant infusion dosages were slightly lower (0.3 mg/kg and 

0.6 mg/kg/h, respectively) and after the constant infusion was 

started, isoflurane was completely discontinued, instead of 

being kept at 0.5%. These parameters were chosen following 

previous work [15]. Respiration rates were constant throughout 

fMRI scanning, ranging between 110 to 160 breaths per minute 

for all mice, except two mice who exhibited irregular breathing 

patterns, and woke up before any resting state run could be 

acquired. Animal body temperature was kept between 36°C 

and 36.5°C during the rsfMRI acquisitions, as this lower dosage 

of medetomidine and the lack of any isoflurane rendered the 

animals more prone to waking up, frequently when temperature 

rose above these values. 

MRI protocol: As in the preliminary experiments, structural 

images were acquired to be used as anatomical reference. The 

acquisition parameters of the structural image covering most of 

the brain (roughly from mid-olfactory bulb to mid-cerebellum) 

were: RARE sequence, Number of averages = 4, RARE factor 

= 8, TR = 2200 ms, TE = 9ms, TEeffective = 36 ms, FOV = 17 × 

11mm2, Data matrix = 180 × 90 × 115. The spatial resolution 

was 0.085 × 0.085mm2 over 25 slices, with a thickness of 0.35 

mm. Slices were axially oriented, and its acquisition was 

interleaved. This resulted in a total acquisition time of 2m20s. 

Visual stimulation runs were performed in the beginning, and if 

possible, at the end of the session, identically as described for 

the preliminary runs. After ensuring animal physiological 

stability, the resting state acquisitions were started. A protocol 

was established based on [15], with the following parameters: 

single-shot GE-EPI sequence, TR = 2000 ms, TE = 15 ms, FOV 

= 20 × 20 mm2, flip angle = 75°,  Data matrix = 64 × 64. The 

spatial resolution was 0.3125 × 0.3125 mm2, over 17 axially 

oriented slices, covering brain areas from the end to the 

olfactory bulb to the beginning of the cerebellum. Slice 

thickness was 0.5mm, and its acquisition was interleaved. 300 

resting state repetitions were acquired, performing a total 

acquisition time of 10 minutes. Another protocol was 

established, for a higher resolution acquisition, with identical 

parameters, except: FOV = 15 × 15mm2, Data matrix = 90 × 

90, resulting in a spatial resolution of 0.167 × 0.167 mm2, but 

with the same acquisition time. Between 2 to 3 lower resolution 

resting state runs were completed for each mouse, with an 

interval of ~5 minutes between each run, except for the two 

mice that woke up before any resting state acquisition could be 

completed. In total, 30 low-resolution runs, and 10 high-

resolution runs were completed. After the resting state 

acquisitions, if possible, a visual stimulation run was performed. 

2.3. Data analysis 

The visual stimulation runs were analyzed using the Statistical 

Parametric Mapping (SPM) package [23] (SPM12, Wellcome 

Trust Centre for Neuroimaging, London, UK) for MATLAB, and 

a Graphical User Interface (GUI) named fmRAT [24], which 

provided a simple and efficient pipeline for these standard fMRI 

acquisitions. All these steps are well-established and common 

practice in this lab and considering that they are only used for 

quality control, they will be succinctly described: The individual 

datasets were motion corrected, smoothed with a 3D Gaussian 

Filter with a FWHM of 0.2 mm, after which the data was fit in a 

General Linear Model (GLM). The activation maps were 

thresholded at a p-value p < 0.01 and clusters with less than 15 

voxels were removed. 

The resting state runs were analyzed using FSL (FMRIB 

Software Library, v5.0.11, www.fmrib.ox.ac.uk/fsl), AFNI (ver 

17.2.05, National Institutes of Health, USA), ANTS [25] 

(v2.3.1, http://stnava.github.io/ANTs/), and Nipype [26] 

software Nibabel (https://github.com/nipy/nibabel) and Nilearn 

(http://nilearn.github.io/), as well as Python 3.0 functions in the 

SciPy ecosystem [27].  

 

Preprocessing: Regarding functional runs, after raw data 

quality was ensured, a motion and slice timing correction 

algorithm was applied [28]. The motion parameters were stored 

to be later used as regressors. Afterwards, a mean image was 

computed, and a brain mask was automatically created. After 

individual inspection of the functional brain masks, an outlier 

detection algorithm was applied on the masked data. If a 

volume had a displacement larger than 0.3 mm, in relation to 

the mean image, or a mean intensity image deviating more than 

3 standard deviations from the mean, it was detected as an 

outlier. Only runs with less than 4 outliers (≤ 1%) were further 

processed. A nuisance removal step was then performed, and 

it included motion parameter and outlier regression. Bandpass 

filtering was also applied, with cut-off frequencies of 0.01 Hz 

and 0.2 Hz. This was the “baseline” nuisance removal, but two 

variants of this step were also performed, one including a 

http://www.fmrib.ox.ac.uk/fsl
http://stnava.github.io/ANTs/
https://github.com/nipy/nibabel
http://nilearn.github.io/
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Global Signal Regression (GSR), and another using a 

timeseries representing CSF as a regressor. For this step, 

ventricular masks were manually delineated for all functional 

runs. The preprocessed functional images were then registered 

onto the structural space, using a rigid transformation, followed 

by a non-linear transformation. The structural images were 

registered onto an atlas – the C57BL/6J model of the Australian 

Mouse Brain Mapping Consortium [29], using a rigid, followed 

by an affine, and lastly a non-linear transformation. After 

registration, a 2-D spatial smoothing using a Gaussian kernel 

with a FWHM = pixel size (0.3125 and 0.167 for the low- and 

high-resolution runs, respectively) was applied. 

Postprocessing: After the preprocessed data is in the same 

space, a seed-based analysis was carried out. The seeds were 

manually defined from labelled regions on the atlas. They were 

drawn in the left hemisphere of the following regions: Caudate 

putamen (CPu), Hippocampus (Hip), Primary motor cortex 

(M1), Primary (S1) and Secondary (S2) somatosensory cortex, 

Thalamus (Thal) and Visual Cortices (VC), as most of these 

regions were chosen in a previous study reporting bilateral 

networks in mice [15]. The connectivity maps were obtained by 

a correlation analysis, between the averaged BOLD timeseries 

of the seed region with all voxels in the brain. Correlation 

analysis was performed using Pearson’s correlation, 

considered standard for FC analyses [30]. The individual 

connectivity maps were concatenated temporally, and a non-

parametric 1-sample t-test was performed, using FSL’s 

randomise function [31]. The output of this function is an FWE-

Corrected P map, which means it returns P-values with a 

controlled family-wise error (FWE) rate, corrected for the 

multiple comparison problem. The final maps were obtained by 

averaging individual correlation maps, and by thresholding 

connectivity at a value of 0.2 for the lower resolution runs and 

0.15 for high-resolution runs, p < 0.01 and a minimum cluster 

size of 10 voxels. Coincidence maps were also computed with 

the same thresholds. To evaluate different preprocessing 

pipelines, an interhemispheric connectivity analysis was 

conducted, where the correlation between ROIs, anatomically 

defined in the atlas space in both hemispheres of the brain, was 

computed. These ROIs were drawn in the same regions that 

were previously mentioned. Correlation values were then 

tested with a two-sample two-tailed t-test with unequal variance 

to check for pairwise significant differences, and a Kruskal-

Wallis test, to test for differences of the data distribution. 

3. Results 

3.1. Optimization of acquisition parameters 

Preliminary resting state fMRI acquisitions: functional 

acquisitions at this stage performed fairly well, although there 

were some distortions and signal losses typical in EPI 

sequences. These were attenuated using a two-shot EPI. In 

Figure 1, raw functional images can be seen. tSNR, which can 

be used as a data quality index [32][33], was computed as the 

ratio between temporal mean signal of the brain area, and its 

standard deviation. The runs exhibited an average tSNR of 29.7 

± 1.2 (mean ± standard deviation of tSNR across animals). 

Nyquist ghosts were recurring artifacts throughout the 

acquisitions, rendering many runs unusable. Following quality 

control steps, 6 medetomidine runs were considered adequate, 

and were further analyzed. For the urethane runs, there was 

only 1 run which was not discarded, and, considering the 

unsatisfactory results of the medetomidine runs, it was not 

further processed. Due to the preliminary modest results, 

urethane acquisitions were ceased, as urethane is a terminal 

anesthesia. Posterior acquisitions were performed only under 

medetomidine. An example of a connectivity map with a seed 

on the primary motor cortex (M1) can be seen in Figure 2.  

 

Figure 1: Raw functional images from one representative mouse. 
Slices presented from dorsal to the ventral part of the brain (from left to 
right, and top to bottom in the figure). White arrows highlight some of 
the most evident (1) ghost artifacts, (2) signal losses and (3) distortions. 

 

 

 
Figure 2: Connectivity map with a seed on M1, using the baseline 
preprocessing pipeline. 6 individual connectivity maps were averaged, 
and thresholded at a connectivity of Pearson’s r = 0.15. Results are 
overlaid on the used mouse brain atlas. Slices are shown from rostral 
to caudal part of the brain, from left to right in the figure. 

The other preprocessing pipelines delivered identical results. It 

is evident that this map is rather noisy, showing apparently 

random connectivity patterns on most slices, with low 

correlation values. Slight bilateral signal can be seen in the 

second slice, but it is not very clean or well defined. On the 

fourth slice there is also a striped pattern, potentially resembling 

vasculature. 

Urethane characterization: As previously described, two 

different dosages were tested. Under the 1.2g/kg dosage, both 

mice were highly unstable throughout the entire session, 

therefore it was increased to 1.5g/kg. Regarding the 5 mice 

tested with the latter dosage, it took between 40 to 80 minutes 
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for them to be stable and cease to spontaneously wake up 

and/or move. Average temperatures of the mice ranged 

between 36.45 and 36.72 (standard deviations between 0.09 

and 0.24), and average breathing rates ranged from 176 to 221 

bpm (standard deviations between 11 and 26).  

3.2. Resting state fMRI acquisitions 

Functional images were reliable and robust across mice. The 

lower resolution runs exhibited an average tSNR of 92.7 ± 10.4 

(mean ± standard deviation of tSNR across animals). For the 

high-resolution runs, this value was equal to 53.8 ± 6.3, a 

foreseeable decrease due to the smaller voxel size. An 

example of raw functional images can be seen in Figure 3. 

 

 
Figure 3: Raw functional images. (Top): Low-resolution run and 

(Bottom): High-resolution run. White arrows highlight areas with signal 

loss. 

It can be noticed that these images show much less distortions 

than the preliminary ones. In both cases, areas with signal 

losses can be identified, but these are not very severe, and the 

distortions are quite negligible. Notably, no ghost artifacts were 

detected. Regarding the tSNR, it should be noted that, since 

the cryocoil used for signal reception is a surface coil, the 

measured signal is higher in cortical areas, closer to the coil, 

than in striatal regions, which results in considerable tSNR 

variation within the same animal. Animal physiology was 

verified with visual stimulation runs, and an ROI analysis was 

performed to ensure suitable preprocessing pipeline 

performance. After checking resulting individual connectivity 

maps, these were averaged, and can be observed in Figure 4 

and Figure 5.  Figure 6 illustrates the positions of the pertinent 

brain areas that will be subsequently mentioned. Most networks 

have bilateral signal, although the clusters in the seed’s 

ipsilateral side appear to be slightly larger in some cases, in 

lower resolution datasets. The difference is clearer in high 

resolution datasets, where contralateral cluster are visibly 

smaller. For example, the S1 network has larger clusters on the 

left side, although it also shows significant connectivity on the 

right side, even on the lower resolution dataset. Considering the 

VC network, however, it is possible to see that it is almost 

symmetrical in the lower resolution datasets, unlike what is 

seen in high resolution. Despite the mostly bilateral maps, it can 

be noticed that the Thal seed resulted in a more unilateral map. 

In the lower resolution dataset, there is a clear lack of clusters 

in the right side of the brain in this map, and there is a striped 

pattern that seems to correlate with non-grey matter areas. In 

the high-resolution dataset, it seems to result in a more spatially 

restrict map, with some, albeit small, cluster in the contralateral 

side of the seed. It can also be noticed that the VC network 

includes part of the anterior cingulate area (ACA) and 

retrosplenial area (RSP), and that there are some overlapping 

clusters on M1, S1 and S2 networks. Through visual inspection, 

it can be noticed that the three pipelines result in quite similar 

maps. Cluster size varies, but not greatly, and most of the 

features identified in the maps with baseline processing are 

recurring across the pipelines. Additionally, some of the smaller 

clusters are removed with the GSR pipeline. This pipeline also 

results in a generally smaller cluster size. For example, in M1, 

S1 and S2 networks, the correlated area is slightly reduced. To 

further ensure that the final maps were not product of highly 

variable data, coincidence maps were computed. These 

present the percentage of times that each voxel had a 

correlation equal or higher than the used threshold, across 

runs. Figure 7 shows illustrative coincidence maps for three 

seeds.  As can be observed, these maps are consistent with 

the corresponding connectivity maps, and this was verified 

through all seeds and pipelines. Regions showing a high 

incidence (from 50 to 100%) appear in the final clusters, 

whereas regions with a low incidence (<50%) do not. However, 

overall incidence values are slightly lower than in the lower 

resolution dataset. Finally, an interhemispheric connectivity 

analysis was carried out, to check for preprocessing pipeline 

differences, and illustrative results can be found in Figure 8. 

A two-sample two-tailed t-test was performed to check for 

pairwise differences between preprocessing pipelines. For the 

seven seeds, one significant difference was found between the 

baseline and the GSR pipeline, for the low-resolution dataset. 

However, none of the seeds passed the Kruskal-Wallis test, a 

non-parametric test designed to search for significant 

differences in the distribution. The mean correlation values 

found in the boxplots were consistent with the connectivity 

maps, as most seeds show both high interhemispheric 

correlation values (from 0.4 to 0.6) and bilateral networks. 

Accordingly, the most unilateral network, resulting from the 

thalamus seed, also holds the lowest mean interhemispheric 

correlation. Interestingly, the thalamic network shows a slightly 

higher value of mean interhemispheric correlation, compared to 

the lower resolution dataset, also consistent with the 

corresponding connectivity map. 
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Figure 4: Connectivity maps, averaged from 25 runs from the low-resolution dataset (LRD). Data preprocessed with (Left): the baseline pipeline, (Middle): the GSR pipeline, and (Right): the ventricular 
signal regression pipeline. 7 seeds were positioned on the left side of Caudate Putamen (CPu), Hippocampus (Hip), Primary Motor Cortex (M1), Primary (S1) and Secondary (S2) Somatosensory 
cortices, Thalamus (Thal) and Visual Cortices (VC). Thresholds at 0.2 Pearson correlation, p < 0.01 and minimum cluster size of 10 voxels. Slices are presented from the rostral part to the caudal part 
of the brain (from left to right in the figure), and the data is overlaid on top of the averaged functional runs, on the atlas space.  

 

 
Figure 5: Connectivity maps, averaged from 9 runs from the high-resolution dataset (HRD). Data preprocessed with (Left): the baseline pipeline, (Middle): the GSR pipeline, and (Right): the ventricular 
signal regression pipeline. 7 seeds were positioned on the left side of Caudate Putamen (CPu), Hippocampus (Hip), Primary Motor Cortex (M1), Primary (S1) and Secondary (S2) Somatosensory 
cortices, Thalamus (Thal) and Visual Cortices (VC). Thresholds at 0.2 Pearson correlation, p < 0.01 and minimum cluster size of 10 voxels.  

 

 
Figure 6: Anatomical location of pertinent brain areas. For clarity, only the left side of these regions is presented, overlaid on the averaged functional images. ACA = Anterior Cingulate Area,                        
CPu = Caudate Putamen, Hip = Hippocampus, M1 = Primary Motor Cortex, RSP = Retrosplenial Area, S1 = Primary Somatosensory Cortex, S2 = Secondary Somatosensory Cortex, Thal = Thalamus, 
VC = Visual Cortices.
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Figure 7: Coincidence map for the baseline preprocessing pipeline. 

Example for seeds in CPu = Caudate Putamen, Thal = Thalamus, and 

VC = Visual Cortices. Values of incidence are presented in percentages 

(blue = low incidence, red = high incidence). (Top): Lower resolution 

dataset. (Bottom):  Higher resolution dataset. 

 

 

 

Figure 8: Boxplots showing representative correlation coefficients 

between 3 interhemispheric regions and 3 preprocessing pipelines.  

HIP = Hippocampus, SI = Primary somatosensory cortex,                  

THAL = Thalamus, VC = Visual Cortices. In the LR dataset, a vVariation 

was found between baseline and GSR pipelines, at a significance of     

p < 0.05. The points outside the plots are outliers. (Top): Lower 

resolution datasets and (Bottom):  higher resolution datasets. 

4. Discussion 

4.1. Optimization of acquisition parameters 

Preliminary resting state fMRI acquisitions: The major obstacle 

encountered in preliminary acquisitions were ghosting artifacts. 

This issue prevailed on both medetomidine and urethane 

acquisitions and caused more than half of the runs to be 

discarded. These might have been caused by eddy currents, 

induced by the varying magnetic field, which distort the B0 field, 

and add phase shifts to the data, creating ghosts in the image, 

after reconstruction [34]. Reducing phase-encoding resolution 

could these artifacts, but that was not compatible with the goal 

of acquiring very high spatial resolution data. Using a single-

shot EPI was attempted, as it could have reduced these 

artifacts as well, but the consequent EPI distortions were too 

great, rendering the images unusable. Regarding the final 

connectivity maps, there were not clear and well-defined 

clusters of correlated areas, and FC was observed only in a 

very small region adjacent to the seed. The observed stripes 

could have perhaps originated from vasculature signal that was 

not removed, and there was not much bilateral signal observed. 

Even considering only the runs that were not very severely 

affected by ghosting artifacts, the resolution might have been 

too high, causing an SNR too low for a rsfMRI experiment. The 

flip angle (55°) might also have been too low and not allow 

enough signal to be obtained, compared with the 75° 

subsequently used, which is closer to the approximate Ernst 

angle, considering average T1 values for the mouse brain, and 

the current TR. Moreover, some functional images had severe 

distortions, and ultimately, only a small number of runs (6 total) 

was useable, which might have not provided enough statistical 

power for a successful network mapping at this resolution. 

Regarding the acquisitions under urethane anesthesia, since 

the mice were fairly stable during the bench testing, a few 

resting state runs were acquired, as it could help solving some 

of the previous issues. However, the faster breathing rate is 

likely to have caused additional animal movement, responsible 

for an increase of the proportion of runs with ghosting artifacts 

and runs with a very large number of outliers, resulting in only 

one usable dataset. Considering the very reduced sample, the 

small number (3 total) of scanned animals (which is an 

impactful confounding factor), and that the previous issues 

(ghosting artifacts and EPI distortions) only seemed to be 

enlarged, this single run was not further analyzed. Since 

urethane is a terminal anesthesia, further experiments are 

advised to be carried out, only after a more robust and high-

resolution sequence has been established previously using 

other anesthetics, and for investigation of structures that are 

affected by other anesthetic regimes. 

Urethane characterization: As could be observed from the 

bench testing results, breathing and temperature rates were 

stable for a long time. Despite the results of posterior scanning 

sessions, it could be observed that the mice were did not wake 

mid-experiment, unlike in some medetomidine cases, and 

seemed to be physiologically stable. It could be observed, 

however, that for this stability to be achieved, the animals must 

be allowed to stabilize for a long time before the experiments 

(approximately one hour), since immediately following urethane 

injection, the mice were still highly reactive, moving and 

showing signs of wakefulness. Considering the extremely loud 

noises on the scanner, putting the mice on these circumstances 

would be both unethical and simply not viable for adequate 

resting state acquisitions. Higher dosages of urethane can 

perhaps be tested in the future. Even though fasting the animals 

prior to the experiment could prove an efficient method for a 

faster anesthetic effect, it has been shown to alter FC in mice 

[84]. If further studies using other dosages of urethane should 

be carried out, it might prove advisable to perform additional 

measurements on the bench tests, such as partial pressure of 

oxygen and carbon dioxide, and blood pressure, to further 

ensure the mouse physiology over time. Overall, although the 

subsequent acquisitions were not successful, as discussed in 
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the previous subsection, urethane proved to be a stable 

anesthetic throughout the sessions, and it might be a viable 

option in future studies. However, although the ghosting 

artifacts were not present in posterior experiments, this could 

still prove to be an issue in further urethane acquisitions. 

4.2. Resting state fMRI experiments 

Low resolution runs: The lower resolution runs exhibited only 
minor distortions and no ghosting artifacts. There was a 
consistent high tSNR throughout the experiments, although it 
should be noticed that within the same animal there are some 
variations across the image. The obtained average tSNR 
values (92.7 and 53.8 for the low- and high-resolution dataset, 
respectively) are quite good comparing to previous literature, 
as a tSNR equal of higher to 50 can be considered as suitable 
[35]. Thus, both low- and high-resolution datasets of the current 
experiments can be considered to have performed well, 
especially taking into account that most of the values in the 
literature were from lower resolution datasets, and that the high 
tSNR value was mostly constant throughout the experiments. 

For these acquisitions, the goal was to follow the protocol 
established by Nasrallah et al. [15] as closely as possible, in 
order to reproduce the stable bilateral networks in the current 
lab. Two more slices could be acquired, comparing to the 
original study, while keeping the remaining parameters 
constant, and the anesthesia protocol was changed from an 
intraperitoneal constant infusion, to a subcutaneous 
administration. Although this change might alter the time that 
took for the animals to be sedated, since the absorption rate is 
slightly slower, subcutaneous administration is simpler and less 
invasive for the animal, thus being considered a good 
alternative to intraperitoneal injection. Regarding the overall 
observed networks, in Figure 4, they were mostly consistent 
with previous literature. Bilateral networks had already been 
observed in rats [36], which suggests that these networks are 
preserved in rodents. Although there had been previous studies 
where more unilateral networks had been observed in mice 
[37], several studies have shown ever since that it can be 
possible to obtain bilateral networks in mice as well [15][38]. 
This means that in most networks, the connected regions 
extended beyond the seed and had an approximately equal 
area on the contralateral side, which is also in accordance with 
optical imaging findings [39]. The lack of bilateral signal 
observed in some studies is thought to be due to animal 
physiology, which is harder to maintain in the mouse, compared 
with rat. It is also interesting to notice that these bilateral 
networks are not merely caused by existing structural 
connectivity. For example, while the left and right S1 are 
connected via corpus callosum, left and right caudate putamen 
are not [17], and still show a strong interhemispheric 
correlation. This is caused by their synchronized activity, which 
is suggested to reflect communication between regions. 
However, this communication might not be necessarily direct, 
as other various inputs (from one or more different regions) 
might cause their covariance. Thus, it is difficult to infer 
causality from any of these resting state networks. 

Concerning now specific RSNs, it was possible to see that M1, 
S1 and S2 networks were partly overlapping. Interestingly, 
these regions had already been shown to be functionally 
connected, since the first resting state experiment ever 
performed, in humans [40]. Additionally, some rodent rsfMRI 
studies performing SBA allowed the mapping of the so-called 
somatomotor network [41][42], a network englobing the 

individual motor and somatosensory (M1, S1 and S2) RSNs. 
ICA studies in mice had already allowed the differentiation of 
these independent networks [37], with overlaps, as found in this 
present study. Another consistent finding was the 
anteroposterior connectivity along the midline, observed in the 
VC network. It was possible to see that the ACA and RSP were 
functionally connected to the primary visual cortex, as observed 
in rats [36] and mice [37].  

Despite the good overall results, the thalamic seed only showed 
ipsilateral functional connectivity. A possible reason for the 
inconsistency of these results with previous literature can be a 
misregistration of the functional data, although this hypothesis 
is unlikely, since the seeds were delineated on top of the 
averaged functional runs, in the atlas space, and there seemed 
to be no discrepancies across the runs. A more probable cause 
for this would be the seed itself, since its specific location, size 
and shape can have a great impact on the final maps. Different 
seed sizes were tested, with identical results, but perhaps a 
combination of these factors could have resulted in the 
suboptimal mapping of the thalamic network. Partial volume 
effects should also be considered. The seeds were delineated 
avoiding transitions between areas, as to minimize PVE, but 
even slight misregistrations could cause seed region voxels to 
include signal from unwanted regions. This issue is expected to 
be less relevant in the higher resolution datasets, due to the 
lower pixel dimensions. Furthermore, the times of acquisition 
were not equal for all runs, as they were highly dependent on 
animal stability in the scanner. Therefore, considering that 
medetomidine has time-dependent effects on functional 
connectivity [43], this might have caused some additional 
variability on the FC patterns of the mice. Lastly, the subcortical 
location of this region can also be a probable cause for this 
result, as the inherently lower SNR in these areas could result 
in more inconstant individual connectivity maps, and a 
consequent inaccurate averaged map. 

Regarding coincidence maps, in Figure 7,  they were found to 
be consistent with connectivity maps, as the areas that survived 
the thresholding in the connectivity maps show a high 
coincidence value. Also, they illustrate how noisy the individual 
datasets are. Almost the entirety of the brain had not null 
coincidence values. This means that unrelated regions would 
appear as functionally connected to the seed region, in at least 
one run. This demonstrates the importance of averaging more 
animals, to have statistical power for a successful network 
mapping. 

Preprocessing pipelines are a continuous source of debate, in 
rsfMRI. In this study, three different nuisance removal methods 
were tested, but no highly significant differences were found. 
Only one of the 21 pairwise comparisons (or 42, considering 
comparisons from low- and high-resolution datasets) was found 
to be significant at a p < 0.05, and no difference could be seen 
in the distribution values. As could be seen in the 
interhemispheric connectivity boxplots, in Figure 8, individual 
connectivity values were quite spread, normally ranging from 
0.1 to 0.8, with the exception of the Thalamus, which exhibited 
lower values. No pipeline was found to consistently have higher 
or lower interhemispheric connectivity than the others, although 
through visual inspection, and general results, the GSR pipeline 
seemed to have slightly lower correlation values. This could be 
expected, since GSR removes a lot of variance in the data, 
compared with the other nuisance regression alternatives. This 
also explains why the typical cluster size was smaller in GSR 
maps. Although interhemispheric analysis is often performed to 
measure or compare FC patterns “quality”, it should be noted 
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that a higher correlation value does not always necessarily 
indicate a better network. As was seen in the ROI analysis, 
perhaps spurious correlation values can be caused by 
structured noise, and not by physiological network dynamics. 
Therefore, these results should be interpreted cautiously, and 
a visual inspection of the final maps can prove constructive. 
Besides an interhemispheric correlation analysis and a visual 
inspection of the data, it is difficult to further investigate 
differences between pipelines. Since rsfMRI does not have any 
paradigm, it is difficult to discern if clusters subsequent from 
either pipeline are indeed belonging to neuronal networks, or 
mere results from sources of structured noise. 

While medetomidine sedation proved to result in overall 
successful results, a possibly better regime could be attempted, 
by using a combination of medetomidine and isoflurane, which 
has already been shown to result in better FC patterns in mice 
[21]. This was the sedation regime used in the preliminary 
acquisitions, but perhaps with the established MRI protocol and 
analysis pipeline, it might have better results in the future. An 
interesting way to assess pipeline performance could be by 
comparing the results to those obtained in awake rodents. This 
was done already in rats [44], instead of the typical 
interhemispheric correlation analysis done in mice [21]. Awake 
mice imaging could be an even more interesting path, as 
anesthesia bias is one of the current major pitfalls of preclinical 
fMRI studies. Endotracheal intubation and ventilation could be 
a possible improvement in the case of imaging of anesthetized 
animals, as it tightly controls the rodent’s breathing rate. 
However, both awake mice imaging and intubation are 
extremely challenging and time-consuming. Therefore, they 
would not be likely to be achievable in the time frame of the 
current project. The use of isoflurane could also be beneficial 
since, in the present study, the used medetomidine dosage (0.6 
mg/kg/h) was found to deliver a very light sedation. This often 
cause the mice to wake up mid experiment, usually after 
minimal increases of temperature, and ultimately lead to the 
session’s premature end. This was not consistent with what is 
described in [15], where it is reported that half of this dosage 
would result in mice stability up to six hours.  

High resolution runs: Similarly to what was found in lower 
resolution runs, overall results of high-resolution runs were 
quite positive. The raw data had a very good quality, and 
despite the high resolution, no ghost artifacts were found. Most 
findings already described and discussed in the low-resolution 
runs were also verified in the higher resolution runs. In the 
connectivity maps, in Figure 5, values of correlation were 
expected to be lower, due to the decreased tSNR, hence the 
reduced correlation threshold. This results in slightly “noisier” 
maps, with a higher number of small clusters, but bilateral 
networks were still clearly observed, as well as ACA and RSP 
connectivity along the midline. However, the decreased SNR 
has clear effects, for example, in the coincidence maps, in 
Figure 7. It is possible to notice that there is a general decrease 
of incidence in the connected areas. While it still allows for 
network detection, it shows that the data is slightly more 
variable, and not as coherent as the low-resolution data. This is 
also in agreement with the generally lower correlation values 
that can be found in the higher resolution dataset, evidenced by 
the slightly darker colored maps. Analyses at higher resolution 
will therefore require larger sample sized to overcome the 
impact of the reduced SNR.  

Upon visual inspection, GSR pipeline seems to remove some 
small significant clusters appearing in the remaining pipelines, 
and it results in a modest decrease in the size of the largest 

clusters. However, interhemispheric connectivity analysis, 
depicted in Figure 8, did not deliver any significant results. 
Ventricular signal regression seemed to generally result in a 
slightly higher connectivity across several seeds. This could be 
since ventricular masks are delineated in very small areas, they 
can have severe partial volume effects, which are minimized in 
higher resolutions. Once again, interhemispheric correlation 
analysis’ limitation should be acknowledged, and significant 
conclusions cannot be made based on such slight differences. 
An unexpected change was found in the thalamic network, 
which showed some bilateral connectivity despite this dataset’s 
lower tSNR. This moderate improvement might have been due 
to an increased spatial specificity, which could cause the 
vascular effects to be less severe, and possible existing 
misregistration issues might have been attenuated, since the 
higher resolution datasets result in a more accurate alignment. 

Lastly, considering a possible future project targeted at LC 
imaging, some factors should be considered. Medetomidine is 
known to cause a prominent decrease of norepinephrine 
release and an overall inhibition in the sympathetic nervous 
system, since it acts mainly on presynaptic receptors in the 
Locus Coeruleus [45][46]. Thus, different sedation regimes, 
such as urethane or propofol, should be used. Both anesthetics 
have been shown to deliver good FC patterns in rodents [44], 
and suitable cortical interhemispheric connectivity in mice [21]. 
Another factor that should be taken into account is the slice 
coverage, as the LC is anatomically positioned ventrally to the 
beginning of the cerebellum. This coincides with the last slice 
of most runs in this dataset, but in two of the nine runs, 
coverage was insufficient for imaging this region. Perhaps a 
wider coverage could be attempted, either with a higher number 
of slices, or through an increased slice thickness. The latter 
option, however, is not recommended, since the current slice 
thickness is already larger than pixel dimension and can result 
in significant PVE. A mere shift in the slice coverage could 
prove sufficient, although in some cases it might compromise 
the imaging of the beginning of the motor cortex. Finally, when 
considering the seed-based analysis with the LC as a seed 
region, perhaps individual seeds should be defined for each 
individual functional run, and only the resulting connectivity map 
converted into atlas space. This might allow a more accurate 
delineation of this small structure, and a thus robust network 
mapping. To facilitate seed definition, a high-resolution slab 
covering this region could be acquired, as it would allow direct 
LC identification. An appropriate contrast should be used, such 
as T1-weighted MRI with magnetization transfer, based in the 
neuromelanin content, which has already allowed identification 
of the LC in mice [47]. 

In this project, a robust protocol for resting state fMRI in mice, 
along with a state-of-the-art analysis pipeline has been 
established. To our knowledge, this is the highest resolution 
achieved in a resting state functional connectivity study in mice, 
so far. Although one study has been performed with a 0.1 mm 
isotropic pixel resolution, no network mapping was performed, 
and the brain was segmented into larger regions [48], making 
its effective resolution considerably lower. Overall, the results 
presented here are promising, although further improvements 
can be attempted in future studies.  

Conclusions and future work 

This project was aimed towards the establishment of a robust 
MRI protocol and an analysis pipeline allowing the mapping of 
RSNs in mice. More specifically, the goal was to 1) establish a 
protocol using typical parameters from the literature in the lab 
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and 2) perform similar experiments at higher resolution to allow 
the future study of smaller structures. A different anesthetic 
(urethane) was also tested, as an alternative for medetomidine, 
which affects the LC noradrenergic system. It was possible to 
establish and optimize a robust preprocessing pipeline, with 
three variants, and an analysis pipeline for murine RSN 
mapping. Bilateral networks were found in both datasets and 
features consistent with previous literature, especially in the 
CPu, Hip, M1, S1, S2, and VC. These findings are consistent 
with previous literature that suggested that RSNs are preserved 
across rodents [49][14]. A thalamic network could be observed 
in the higher resolution datasets, but the functionally connected 
clusters contralateral to seed region was small. Connectivity 
along the midline was also reported in both datasets, as well as 
an overlap in the M1, S1 and S2 networks, consistent with 
previous reports of a somatomotor network. Preprocessing was 
performed with a baseline pipeline, a GSR variant and 
ventricular regression variant, but no significant differences 
were found across pipelines. The baseline pipeline is therefore 
recommended, as it avoids the additional manual drawing of 
ventricular masks and the controversy surrounding GSR, 
respectively. Additionally, urethane was found to deliver a 
stable and lasting effect on bench tests, but further 
measurements should be performed before rsfMRI 
experiments should be carried out with this anesthetic. These 
are encouraging results and are indicative that even higher 
resolution could be attempted in the future. Different 
anesthetics, as well as other FC metrics can also be 
investigated, such as dynamic FC [50], graph theory [51] or 
ALFF [48]. Considering the high variability on data acquisition 
parameters, anesthetic regimes, preprocessing and analysis 
pipelines used in FC studies, these consistent network 
mappings are a promising result for rsfMRI in mice as a 
translational tool for the study of large-scale neural dynamics, 
as well as the fundamental mechanisms of small structures.  
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